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Abstract

Tyrosinemia Type I (TTI) is a rare genetic disorder due to a deficiency of fumarylacetoacetate
hydrolase (FAH). This is caused by a mutation in the FAH gene. FAH is responsible for
catalyzing the final step in the tyrosine catabolic pathway. Lack of FAH results in the buildup of
toxic metabolites, which cause damage to the liver and kidneys in particular. Patients with TTI
are now being treated with Nitisinone (NTBC), which inhibits the tyrosine catabolic pathway at
an earlier step. This prevents the synthesis of the toxic compounds, and is an effective treatment
for the disease. As patients with TTI are now living longer due to NTBC therapy, there have
been reports of cognitive, behavioral, and schooling issues in children living with the disease
taking NTBC. It is the aim of this study to evaluate altered social behavior as another possible
aspect of the disease or as a side effect of NTBC therapy. This was done using the social
interaction test, which tests for sociability and social preference in mice. It was found that mice
with TTI being treated with NTBC show decreased sociability for a stranger mouse when
presented with the stranger mouse and a dummy mouse. Wild-type (WT) mice drinking NTBC
and WT mice drinking water showed no preference for either the dummy or the stranger mouse.
Mice with TTI drinking NTBC also showed increased social preference for a stranger mouse
when presented with both a stranger mouse and a familiar mouse. WT mice drinking NTBC and
WT mice drinking water again showed no preference for either the stranger or familiar mouse,
spending equal time with each. These results indicate that there is an altered social behavioral
component to the disease that is not due to treatment with NTBC. Further study is needed to
clarify the scope and causes of the behavior.
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Introduction

Tyrosinemia type I (TTI) is a rare genetic disorder of tyrosine metabolism in the liver.
Patients with TTI are unable to breakdown tyrosine due to a deficiency in the enzyme
fumarylacetoacetate hydrolase (FAH), which catalyzes the final step in the tyrosine catabolic
pathway (Fig.1). This is due to a mutation in the gene coding for FAH. FAH deficiency results in
the buildup of the metabolites formed prior to the step catalyzed by FAH: fumarylacetoacetate
(FAA) and maleylacetoacetate (MA). FAA and MA are also converted to succinylacetone (SA).
All three of these compounds are toxic, particularly to the hepatocytes and kidney tubules, where
FAH is expressed (Lindblad et al. 1977). The most common symptoms of untreated TTI include
hepatocellular carcinoma, renal tubular dysfunction, and rickets due to hypophosphatemia (Gentz
et al. 1965). The disease is fatal if left untreated.
Prior to the advent of conventional therapies, the only treatment for TTI was dietary
restriction of protein to limit intake of phenylalanine and tyrosine, thus limiting the amount of
toxic metabolites that could be formed through the catabolic pathway. Today, TTI can be treated
with liver transplant or drug therapy with Nitisinone (NTBC). NTBC blocks the tyrosine
catabolism pathway at an earlier step, eliminating the formation of the toxic metabolites. NTBC
has been shown to be largely effective in patients with TTI, resulting in normal liver and kidney
function (Larochelle et al. 2012; Maiorana et al. 2014). Because patients with TTI are now living
longer, the course of the disease can be better studied. Recent studies have shown decreased IQ
over time as well as schooling and behavioral problems in children with TTI being treated with
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NTBC (De Laet et al. 2011; Thimm et al. 2012; Bendadi et al. 2014) It is currently unknown as
to whether these problems are due to treatment with NTBC or the disease itself.
The social interaction maze is used as a measure of sociability and social preference in
mice, such as in models of autism and other disorders characterized by abnormal social
behaviors. The device consists of three chambers separated by two clear walls, each with a door
that can be opened or blocked. Two metal cages are placed in the far left and right chambers,
which can either be empty or contain an unfamiliar (stranger) or familiar mouse. The bars in the
cages prevent fighting between the test mouse interacting with the mouse in the cage, and allow
all interactions to be controlled by the test mouse. After a habituation period in the center
chamber with the doors closed, the doors are opened and the mouse is allowed to explore and
interact with the cages. Social behavior is measured by time spent interacting with the cages.
Sociability is defined as the mouse’s preference for an empty cage vs. a cage containing a
stranger mouse. Social preference is defined as the mouse’s preference for a stranger mouse vs. a
familiar mouse (Moy et al. 2004; Nadler et al. 2004).
A sociability chamber was used to study the effects of NTBC and TTI on sociability and
social preference in a mouse model. This was done using mice with TTI treated with NTBC,
wild-type (WT) mice treated with NTBC, and untreated WT mice. The goal of this study is to
differentiate between the effects of the disease versus NTBC therapy on the social behaviors of
these mice. Although social problems are not a widely reported symptom in patients with TTI,
we were interested in exploring this as a possible phenotype in mice with TTI, in the hopes that it
may help to clarify known features of the disease such as behavioral and schooling issues.
Homovanillic acid urine analysis was done to identify the effects of NTBC treatment on
peripheral dopamine levels. Homovanillic acid is a metabolite of dopamine. It is thought that due
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to the blockage of the tyrosine catabolic pathway by NTBC, excess tyrosine builds up and is then
funneled into the dopamine synthesis pathway, increasing dopamine levels. Nesting experiments
were also performed to identify any alterations in innate nest building behavior that may be
caused by either the disease or NTBC therapy. Nesting behavior can be influenced by a number
of factors, including brain pathologies (Deacon 2006).
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Methods
Mice
Tyrosinemia Type I mice were obtained from Jackson Labs (Bar Harbor, Maine, USA)
and heterozygous brother/sister pairs were bred to produce an inbred strain. Mice were weaned
and separated at 4 weeks of age. Social interaction testing was done at 22-26 weeks of age. The
nesting experiment was done at 30 weeks of age. Mice were housed 2-4 to a cage with cagemates
of the same sex. Cages were lined with corn cob bedding. All cages were given a plastic hut,
wheel and cotton nesting material for enrichment purposes. The room was kept on a reverse 12hour light/dark cycle. Mice were fed a mouse chow diet of 18% protein, 0.5% tyrosine and 1%
phenylalanine. One group of WT mice was given plain water to drink, while the other two
groups of mice with TTI and WT mice were given water with 7.5 mg/L NTBC dissolved. Food
and water were given ad libitum. All mouse care, breeding, and experimental protocols were
approved by the UAH IACUC committee.

Sociability and social preferences
A mouse was transported to the testing room in a cardboard transport box and placed in
the center chamber of the social interaction maze with both doors closed and both interaction
cages empty. The mouse was allowed to explore the center chamber for five minutes. Any mouse
that did not explore all four corners of the center chamber was excluded from the study. After
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five minutes, the mouse was placed back in the transport box. A stranger mouse of the same sex
was placed in one interaction cage and a dummy mouse was placed in the other. The positions of
the stranger mouse and dummy mouse were rotated and the maze cleaned with 70% ethanol and
wiped down with water between trials. The doors were then opened and the mouse was placed
back in the center chamber and allowed to explore the maze for 10 minutes. Any mouse that did
not interact with both interaction cages for more than five seconds was excluded from the study.
After ten minutes, the mouse was placed back in the transport box and the maze was cleaned
again. The dummy mouse was replaced with another unfamiliar mouse. This mouse acted as the
stranger mouse and the mouse in the other interaction cage from the previous trial became the
familiar mouse. The test mouse was then placed back in the center chamber and allowed to
explore the maze for ten minutes. Any mouse that did not explore both interaction cages for
more than five seconds was again excluded from the study.

Nesting
Mice were given 3 g of cotton nesting material, or nestlet. Mice were housed with one
mouse per cage with corncob bedding but no wheel or hut. Mice were given a full 24-hour cycle
to tear up the nestlet and make a nest. Nests were scored on a scale of 1 to 5, with a score of 1
being an untorn nestlet and 5 being a perfect nest, according to scoring parameters outlined in
Deacon 2006.
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Homovanillic acid
Urine was obtained by placing a mouse in a cage lined with clear plastic wrap and
collecting urine with a pipette. Urine was frozen and stored at -20° C until analysis, and was then
spun down and analyzed for homovanillic acid using an ELISA (Eagle Biosciences, Nashua, NH,
Cat. No. HVA34-K01) and creatinine (Biovision Inc., Milpitas, CA, Cat. No. K625-100).
Homovanillic acid was then normalized to creatinine levels.

Data Acquisition
All video and tracking data for the sociability and social preference tests were obtained
using Ethovision XT 9.0 software (Noldus Information Technology Inc, Leesburg, VA). Static
subtraction was used to detect movement and mice were tracked using the center-point of the
animal. Interaction zones were defined as square regions around the interaction cages, making up
one half of each interaction chamber. Parameters recorded were number of entries into the
interaction zones, distance traveled, and time spent in each interaction zone.

Data Analysis
Data was analyzed using Graphpad Prism 6.0 software (Graphpad Software Inc., La Jolla,
CA). All data and figures are given with standard error of the mean (SEM) unless otherwise
stated. A student’s t-test was used to determine significance of all measurements except for
distance traveled, which was analyzed using a one-way ANOVA, and nesting scores, which were
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Results
Sociability
There was no difference in the number of entries in any of the three groups (Figure 2).
Mice with TTI (n=4) entered the interaction zone of the dummy mouse 25.50 ± 2.40 times and
the interaction of the real mouse 21.25 ± 6.80 times. WT mice drinking NTBC (n=5) entered the
interaction zone of the dummy mouse 13.80 ± 5.28 times and the real mouse 10.80 ± 2.89 times.
WT mice drinking water (n=2) entered the interaction zone of the dummy mouse 21.50 ± 2.50
times and the real mouse 21.50 ± 12.50 times. Mice with TTI (n = 4) spent more time interacting
with a dummy mouse than a real mouse (Figure 3), spending 69.17 ± 10.78 % interaction time
with the dummy mouse and 30.83 ± 10.78 % interaction time with the real mouse (P = 0.0456).
WT mice drinking NTBC and WT mice drinking water showed no preference for the dummy or
real stranger mouse. WT mice drinking NTBC (n = 5) spent 53.76 ± 12.22 % interaction time
with the dummy mouse and 46.24 ± 12.22 % interaction time with the real mouse (P = 0.6750).
WT mice drinking water (n = 2) spent 51.80 ± 19.92 % interaction time with the dummy mouse
and 48.20 ± 19.92 % interaction time with the real mouse (P = 0.9102). Representative tracks of
TTI mice and WT mice drinking NTBC are shown in Figures 4 and 5.
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Social Preference
There was no difference in the number of entries into the interaction zones in all three groups
(Figure 6). Mice with TTI entered the interaction zone of the stranger mouse 26.75 ± 4.72 times
and the familiar mouse 19.00 ± 4.95 times. WT mice drinking NTBC (n=5) mice entered the
interaction zone of the stranger mouse 14.80 ± 5.72 times and the familiar mouse 13.60 ± 3.84
times. WT mice drinking water (n=2) entered the interaction zone of the stranger mouse 30.50 ±
12.50 times and the familiar mouse 11.00 ± 0.00 times. Mice with TTI (n = 4) spent more time
interacting with a stranger mouse than a familiar mouse (Figure 7), spending 63.76 ± 4.65 %
interaction time with a stranger mouse and 36.24 ± 4.65 % interaction time with a familiar mouse
(P = 0.0058). WT mice drinking NTBC and WT mice drinking water showed no preference for
the stranger or familiar mouse. WT mice drinking NTBC (n = 5) spent 49.10 ± 6.75% interaction
time with a stranger mouse and 50.90 ± 6.75 % interaction time with a familiar mouse (P =
0.8544). WT mice drinking water (n = 2) spent 58.01 ± 15.22 % interaction time with a stranger
mouse and 41.99 ± 15.22 % interaction time with a familiar mouse (P = 0.5340).

Distance Traveled
Distance traveled was measured during the social preference and sociability trials
(Figures 8 and 9). In the 10-minute sociability trial, there was no difference in distance traveled
in any group (P = 0.1489). The TTI mice traveled 3570 ± 499 cm, n = 4, WT mice drinking
NTBC traveled 2434 ± 340 cm, n = 5, and WT mice drinking water traveled 3418 ± 80 cm, n =
2. In the 10-minute social preference trail, there was also no difference in any group (P =
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0.1695). TTI mice traveled 3886 ± 481 cm, n = 4, WT mice drinking NTBC traveled 2447 ± 498
cm, n = 5, and WT mice drinking water traveled 3467 ± 688 cm, n = 2.

Mouse Weight
There was no difference in weight between the three groups of mice. TTI mice had a
body weight of 26.96 ± 0.81, n = 14. WT mice drinking NTBC had a body weight of 26.44 ±
0.70, n = 10. WT mice drinking water had a body weight of 27.86 ± 0.99, n = 8.

Nesting
TTI mice show poor nest building skills (Figure 10). TTI mice built nests rated 2.22 ±
0.83 (n = 9), while WT mice drinking NTBC built nests rated 3.43 ± 0.98 (n = 6) and WT mice
drinking water build nests rated 4.17 ± 0.75 (n = 7). TTI mice built nests of lower quality than
WT mice drinking NTBC (P = 0.0198) and WT mice drinking water (P = 0.0030). WT mice
drinking NTBC and WT mice drinking water built nests of similar quality (P = 0.2191).

Homovanillic Acid
Mice drinking NTBC have a higher level of urine homovanillic acid than WT mice
drinking water (P < 0.0001). WT mice drinking NTBC and TTI mice combined (n = 9) had a
homovanillic acid level of 202.9 ± 20.0 µg/mg creatinine, while WT mice drinking water (n = 6)
had a homovanillic acid level of 52.62 ± 5.43 µg/mg creatinine (Figure 11).
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Discussion
Sociability
Tyrosinemia type I mice show decreased sociability when given the choice of interaction
with a real mouse versus a dummy mouse. Tyrosinemia type I mice spent a larger portion of the
percent interaction time with the dummy mouse when given the choice between interaction with
the dummy mouse or a real stranger mouse. The dummy mouse in this study is likely perceived
by the mice as a novel object. Both groups of WT mice spent equal amounts of time
investigating the dummy mouse and the stranger mouse, indicating that they were of equal
interest. However, because the mice with TTI spent more time with the dummy mouse, there is
likely an anti-social behavioral component present in these mice.

Social Preference
Tyrosinemia type I mice show increased social preference for a stranger mouse. In other
studies of sociability in mice, mice tend to show preference for a stranger mouse over a familiar
mouse (Moy et al. 2004; Nadler et al. 2004). In this study however, both groups of WT mice
showed no preference, while TTI mice showed increased preference for the stranger mouse. One
possibility is that TTI mice take longer to evaluate the new mouse due to some type of social
behavior alteration due to the disease, while WT mice quickly establish the identity of the new
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mouse and thus spend equal time interacting with both. This would indicate an alteration in
social behavior due to TTI and not treatment with NTBC.

Nesting
Tyrosinemia type I mice build poor nests. The decreased nest building abilities of TTI
mice appear to be a disease effect, as there was no significant difference in nesting scores
between WT mice drinking NTBC and WT mice drinking water. Nest building has been shown
to be affected by brain pathologies (Deacon 2006). Therefore, there may be some brain alteration
in mice with TTI that is affecting nest building behavior.

Homovanillic Acid
Mice drinking NTBC have increased urine homovanillic acid levels. This indicates that
there is in fact an increase in dopamine synthesis due to treatment with NTBC, most likely
caused by increased availability of tyrosine due to the blockage of the tyrosine catabolism
pathway by the drug. This does not indicate whether or not there is an increase in CNS dopamine
levels, however, and serves only as an indication of peripheral dopamine.
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Conclusion

Mice with TTI show altered social behavior in the sociability and social preference tests.
The exact cause of any altered social behavior is not yet known. We have shown that peripheral
dopamine levels are increased in mice treated with NTBC. Whether or not this translates into
increased dopamine in the CNS of these mice, causing altered behavior, has not yet been studied.
The results of this study also indicate that the altered behaviors seen are due to the disease itself
and not NTBC, therefore any alterations in behavior are unlikely to be caused by an increase in
dopamine due to NTBC therapy. Sociability and social preference in mice with TTI has not to
our knowledge been studied yet. In the future we will perform the same tests on more cohorts of
mice, for the purpose of gathering more data and hopefully further explaining the findings of this
study.
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Figure 1. The Tyrosine Catabolic Pathway. Tyrosine and phenylalanine are gotten from protein
in the diet and phenylalanine is converted to tyrosine. Tyrosine is then converted to 4hydroxyphenylpyruvate (4-HPP) by tyrosine aminotransferase (TAT). 4-HPP is then converted
to homogentisate by 4-hydroxyphenylpyruvate dioxygenase (HPPD). This is the step that is
inhibited by NTBC, which causes buildup of tyrosine. Homogentisate is converted to
malylacetoacetate by homogentisate dioxygenase (HGD). Malylacetoacetate is then converted to
fumarylacetoacetate by malylacetoacetate isomerase (MAI). The final step in the tyrosine
catabolic pathway is the conversion of fumarylacetoacetate to fumarate and acetoacetate by
fumarylacetoacetate hydrolase (FAH). This is the step that is inhibited in patients with TTI due
to a deficiency in FAH. The result of inhibition is the buildup of the metabolites formed prior to
this step, fumarylacetoacetate and malylacetoacetate, and subsequent conversion into
succinylacetone. Succinylacetone inhibits δ-aminolevulinic acid dehydratase (ALAD), which
catalyzes heme synthesis. This causes a buildup of 5-aminolevulinic acid (δ-ALA) and causes
the symptoms of neurological crisis. The tyrosine that builds up in patients treated with NTBC
serves as a substrate for dopamine synthesis. Tyrosine is converted to L-DOPA by DOPA
decarboxylase (DDC). Dopamine can then be broken down into homovanillate by monoamine
oxidase and catechol-O-methyltransferase (COMT). Homovanillate is the waste product of
dopamine catabolism.
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Figure 2. Frequency of Entry in the Sociability Test. Mice with tyrosinemia type I, given by
(-/-) NTBC, show no difference in the number of entries into the interaction zone of either the
dummy or real stranger mouse. WT NTBC mice and WT mice drinking water also show no
preference. (-/-) NTBC mice (n = 4) entered the interaction zone of the dummy mouse 25.50 ±
2.40 times and the interaction of the real mouse 21.25 ± 6.80 times. WT mice drinking NTBC (n
= 5) entered the interaction zone of the dummy mouse 13.80 ± 5.28 times and the real mouse
10.80 ± 2.89 times. WT mice drinking water (n = 2) entered the interaction zone of the dummy
mouse 21.50 ± 2.50 times and the real mouse 21.50 ± 12.50 times.
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Figure 3. Percent Interaction Time in the Sociability Test. Mice with tyrosinemia type I, given
by (-/-) NTBC, show increased preference for a dummy mouse when given the choice of
interaction with a dummy or real stranger mouse. WT mice drinking NTBC (WT NTBC) and
WT mice drinking water (WT H2O) show no preference when given the choice of interaction
with a dummy or real stranger mouse. (-/-) NTBC mice (n=4) spend 69.17 ± 10.78 % of
interaction time with a dummy mouse and 30.83 ± 10.78 % of interaction time with a real
stranger mouse. WT NTBC mice (n = 5) spend 53.76 ± 12.22 % of interaction time with a
dummy mouse and 46.24 ± 12.22 % interaction time with a real stranger mouse. WT H2O mice
(n = 2) spend 51.80 ± 19.92 % of interaction time with a dummy mouse and 48.20 ± 19.92 % of
interaction time with a real stranger mouse.
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Figure 4. Representative Track of Tyrosinemia Type I Mouse Sociability Trial. The cartoon
mouse represents a real stranger mouse and the stuffed mouse represents the dummy mouse. The
black rectangle represents the rectangular social interaction cage, which consists of three
chambers separated by clear plastic walls and connected by two doors. The dashed lines around
the two mice represent the social interaction cages. It can be seen that the trail is concentrated
around the interaction cage of the dummy mouse, indicating more time spent interacting with the
dummy mouse.
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Figure 5. Representative Track of an NTBC Treated WT Mouse Sociability Trial. The
cartoon mouse represents a real stranger mouse and the stuffed mouse represents the dummy
mouse. The black rectangle represents the rectangular social interaction cage, which consists of
three chambers separated by clear plastic walls and connected by two doors. The dashed lines
around the two mice represent the social interaction cages. It can be seen that the trail is
approximately split between the two interaction cages, indicating equal time spent interacting
with each cage.
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Figure 6. Frequency of Entry in the Social Preference Test. Mice with tyrosinemia type I,
given by (-/-) NTBC, show no preference in the number of entries into the interaction zone of the
stranger mouse or the familiar mouse. WT mice drinking NTBC (WT NTBC) and WT mice
drinking water (WT H2O) also show no preference. (-/-) NTBC mice (n = 4) entered the
interaction zone of the stranger mouse 26.75 ± 4.72 times and the familiar mouse 19.00 ± 4.95
times. WT NTBC (n = 5) mice entered the interaction zone of the stranger mouse 14.80 ± 5.72
times and the familiar mouse 13.60 ± 3.84 times. WT H2O mice (n = 2) entered the interaction
zone of the stranger mouse 30.50 ± 12.50 times and the familiar mouse 11.00 ± 0.00 times.
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Figure 7. Percent Interaction Time in the Social Preference Test. Mice with tyrosinemia type
I, given by (-/-) NTBC, show increased preference for a stranger mouse when given a choice of
interaction with a stranger or familiar mouse. WT mice drinking NTBC (WT NTBC) and WT
mice drinking water (WT H2O) show no preference when given the choice of interaction with a
stranger or familiar mouse. (-/-) NTBC mice (n=4) spend 63.76 ± 4.65 % interaction time with a
stranger mouse and 36.24 ± 4.65 % interaction time with a familiar mouse. WT NTBC mice (n =
5) spend 49.10 ± 6.75 % of interaction time with a stranger mouse and 50.90 ± 6.75 % of
interaction time with a familiar mouse. WT H2O mice (n = 2) spend 58.01 ± 15.22 % of
interaction time with a stranger mouse and 41.99 ± 15.22 % of interaction time with a familiar
mouse.
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Figure 8. Distance Traveled During Sociability Test. There is no difference in distance
traveled between all three groups in the sociability test. Mice with tyrosinemia type I, given by
(-/-) NTBC, traveled 3570 ± 499 cm, n = 4, WT mice drinking NTBC (WT NTBC) traveled 2434
± 340 cm, n = 5, and WT mice drinking water (WT H2O) traveled 3418 ± 80 cm, n = 2.
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Figure 9. Distance Traveled During Social Preference Test. There is no difference between
all three groups in the social preference test. Mice with tyrosinemia type I, given by (-/-) NTBC,
traveled 3886 ± 481 cm (n = 4). WT mice drinking NTBC (WT NTBC) traveled 2447 ± 498 cm
(n = 5), and WT mice drinking water (WT H2O) traveled 3467 ± 688 cm (n = 2).
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Figure 10. Nesting Scores. Mice with tyrosinemia type I build inferior nests. Nests were scored
on a scale of 1 to 5. Mice with TTI, given by (-/-) NTBC, built nests with a mean score of 2.22 ±
0.83 (n = 9), which was lower than the WT-water mice (P = 0.0030) and WT NTBC mice (P =
0.0198). WT mice drinking NTBC (WT NTBC) nests were not different from nests built by WT
H2O mice (P = 0.2191), with a mean score of 3.43 ± 0.98 (n = 6), while WT H2O mice built
nests with a mean score of 4.17 ± 0.75 (n = 7).
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Figure 11. Urine Homovanillic Acid Levels. NTBC increases urine homovanillic acid levels.
Mice drinking NTBC (WT and fah -/- NTBC) have higher urine homovanillic acid levels than
WT mice drinking water (WT H2O). Data for WT mice drinking NTBC and mice with
tyrosinemia type I were combined as they were not different. Homovanillic acid levels were
normalized to creatinine. WT H2O mice had a urine homovanillic acid level of 52.6 ± 5.4 g/mg
creatinine, (n = 6), while WT and fah -/- mice drinking NTBC had a urine homovanillic acid
level of 202.9 ± 20.0 g/mg creatinine (n = 9, P < 0.0001).
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